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midpoint to a resilient member and at opposing edges to a 
pair of elongate Supports. The Stressed membrane can be 
electroStatically Switched between a pair of mechanical 
States having mirror-image Symmetry, with the MEM actua 
tor remaining in a quiescent State after a programming 
voltage is removed. The bistable MEM actuator according to 
various embodiments of the present invention can be used to 
form a nonvolatile memory element, an optical modulator 
(with a pair of mirrors Supported above the membrane and 
moving in Synchronism as the membrane is Switched), a 
Switchable mirror (with a single mirror Supported above the 
membrane at the midpoint thereof) and a latching relay (with 
a pair of contacts that open and close as the membrane is 
switched). Arrays of bistable MEM actuators can be formed 
for applications including nonvolatile memories, optical 
displays and optical computing. 
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BISTABLE MICROELECTROMECHANICAL 
ACTUATOR 

GOVERNMENT RIGHTS 

This invention was made with Government support under 
Contract No. DE-AC04-94AL85000 awarded by the U.S. 
Department of Energy. The Government has certain rights in 
the invention. 

FIELD OF THE INVENTION 

The present invention relates in general to microelectro 
mechanical (MEM) devices, and in particular to a bistable 
MEM actuator that has applications for forming mechanical 
nonvolatile memories, optical modulators, Switchable 
mirrors, and latching relayS. 

BACKGROUND OF THE INVENTION 

Semiconductor integrated circuit (IC) technology can be 
used to form microelectromechanical (MEM) devices, 
including optical modulators or Switchable mirrors (i.e. 
optical beam deflectors) as disclosed in exemplary U.S. Pat. 
Nos. 5,212,582; 5,311,360 and 5,579,151. Conventional 
MEM optical modulators or switchable mirrors rely on stops 
that limit a range of movement of the mirror to prevent short 
circuiting of the MEM device. Mechanical contact between 
the mirrors and the Stops, however, can result in Stiction due 
to Van der Waals forces or Surface contamination. Stiction 
limits device reliability and requires the use of a reset 
Voltage Sequence to allow the mirror to change States. 
Anti-Stiction coatings have also been developed in an 
attempt to alleviate Stiction, but long-term reliability 
remains a problem whenever two micromachined Surfaces 
come into contact. Thus, there is a need for improved MEM 
devices that overcome the problem of Stiction and thereby 
provide an increased reliability. 
An advantage of the present invention is that a bistable 

MEM actuator is provided with a moveable membrane 
shaped to preclude, in Some preferred embodiments of the 
present invention, any contact between the membrane and 
an underlying Substrate electrode or Stop, thereby eliminat 
ing Stiction. 
A further advantage of the present invention is that the 

bistable MEM actuator can be adapted to form many dif 
ferent types of MEM devices, including mechanical 
memories, optical modulators, optical beam deflectors (i.e. 
Switchable or rotatable mirrors) and latching relayS. 

Yet another advantage of the present invention is that the 
bistable MEM actuator remains stable in a quiescent state 
after the removal of electrical power (i.e. a programming 
voltage) from the device, thereby simplifying operation of 
the device, improving device reliability, and providing for 
nonvolatile operation of the device. 

These and other advantages of the apparatus of the present 
invention will become evident to those skilled in the art. 

SUMMARY OF THE INVENTION 

The present invention relates to a microelectromechanical 
(MEM) actuator having a pair of Switchable mechanical 
States, comprising a shaped membrane formed above a 
Substrate, the membrane being formed in compression and 
further being pinned by elongate Supports at a pair of 
opposing edges thereof and by an elongate resilient member 
below the membrane at or near a midpoint thereof to provide 
a curvilinear cross-sectional shape for the membrane that 
defines a first mechanical State thereof; and electroStatic 
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2 
means, including at least one pair of electrodes and a 
programming Voltage Supplied by a signal generator, for 
Switching the membrane from the first mechanical State to a 
Second mechanical State having a croSS-Sectional shape that 
is asymmetric with respect to the first mechanical State (i.e. 
a mirror image of the first mechanical State). In its simplest 
form, the bistable MEM actuator can be used as a mechani 
cal nonvolatile memory for Storing information in digital 
form. 
The MEM actuator can further include one or more 

mirrorS Supported on posts above the membrane. In one 
embodiment of the present invention, a single mirror is 
provided, centered above the membrane, to form a Switch 
able mirror MEM device for deflecting an incident light 
beam in a preferred direction, or Switching the incident light 
beam between a pair of angular States. In another embodi 
ment of the present invention, a pair of mirrors are provided 
above the membrane, with each mirror being located half 
way between the resilient member and one of the pinned 
edges of the membrane, to form an optical modulator 
wherein the mirrors are Synchronously moveable in oppos 
ing vertical directions without rotation. 

In yet another embodiment of the present invention, the 
bistable MEM actuator can be used to form a latching relay 
having at least one pair of relay contacts that are Switchable 
between an open-circuit State and a closed-circuit State in 
response to an electroStatic actuation of the membrane. 

Additional advantages and novel features of the invention 
will become apparent to those skilled in the art upon 
examination of the following description, or can be learned 
by practice of the invention. The advantages of the invention 
can be realized and attained by means of the instrumentali 
ties and combinations particularly pointed out in the 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated into 
and form a part of the Specification, illustrate Several aspects 
of the present invention and, together with the description, 
Serve to explain the principles of the invention. The draw 
ings are only for the purpose of illustrating preferred 
embodiments of the invention and are not to be construed as 
limiting the invention. In the drawings: 

FIG. 1 shows a schematic cross-section view of a first 
example of a bistable MEM actuator according to the 
present invention. 

FIGS. 2a-2i show Schematic cross-section views of a 
series of process steps for forming the bistable MEM 
actuator of FIG. 1 above a Substrate. 

FIGS. 3a–3i show schematic cross-section views of an 
alternate Series of process Steps for forming the first example 
of the bistable MEM actuator in a cavity formed in the 
Substrate. 

FIGS. 4a and 4b show Schematic cross-section views of 
a Second example of a bistable MEM actuator according to 
the present invention in the form of an optical modulator. 

FIGS. 5a-5f show schematic cross-section views of a 
Series of additional proceSS Steps to be used with the process 
steps of FIGS. 2a-2i for forming the optical modulator of 
FIGS. 4a and 4b. 

FIGS. 6a-6c show Schematic cross-section views of an 
alternative Series of process Steps that can be used following 
the process steps of FIGS. 2a-2i and FIG. 5a to form an 
optical modulator similar to that shown in FIGS. 4a and 4b. 

FIGS. 7a and 7b show Schematic cross-section views of 
a third example of a bistable MEM actuator according to the 
present invention in the form of a Switchable mirror. 
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FIGS. 8a and 8b show Schematic cross-section views of 
a fourth example of a bistable MEM actuator according to 
the present invention in the form of a latching relay. 

FIGS. 9a–9n show Schematic cross-section views of a 
Series of proceSS Steps for forming the latching relay of 
FIGS. 8a and 8b. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention can best be described by consider 
ing a Series of examples of a bistable microelectromechani 
cal (MEM) actuator device 10 formed according to the 
present invention as shown in FIGS. 1-9 and described in 
detail hereinafter. 

EXAMPLE 1. 

Referring to FIG. 1, there is shown a Schematic croSS 
section view of a first example of a bistable MEM actuator 
device 10 according to the present invention. The first 
example of the device 10 is useful for forming a nonvolatile 
mechanical memory in which a logic State is Set electro 
Statically and read out as a change in capacitance. The first 
example of the device 10 comprises a Substrate 12 upon 
which is formed a shaped membrane 14 that is generally 
rectangular in plan View with a longitudinal axis extending 
between a pair of elongate Supports 16. The membrane 14 is 
initially formed as a planar sheet (see FIGS. 2h and 3i) with 
a predetermined level of internal StreSS So that upon release 
the membrane takes on a curvilinear cross-sectional shape 
(see FIG. 1). The curvilinear cross-sectional shape, which is 
preferably sinusoidal, is determined by the membrane 14 
being restrained due to attachments to the pair of Supports 16 
located at opposite edges of the membrane 14, and to a 
resilient elongate member 18 located at or near a midpoint 
of the membrane 14. 

For electrical actuation to select between two stable 
mechanical states of the bistable MEM actuator 10, at least 
one pair of addressing electrodes (i.e. electrodes 20 and 24) 
is required. A lower electrode 20 can be provided on the 
Substrate 12 below the membrane 14 as shown in FIG. 1, or 
on an insulating layer 22 formed above the Substrate 12. An 
upper electrode 24 can either be located on the membrane 14 
(e.g. on a Surface of the membrane 14); or else the mem 
brane can be electrically conducting (e.g. doped polysilicon, 
or a metal or metal alloy) to serve as the other electrode of 
the pair of addressing electrodes. If a pair of upper elec 
trodes 24 are provided as shown in FIG. 1, then the elec 
trodes 24 are electrically isolated from each other so that 
they can be individually addressed. Similarly, a pair of lower 
electrodes 20 can be electrically isolated from each other. 

In preferred embodiments of the present invention, one of 
the electrodes, 20 or 24, is formed as a common electrode 
extending between the pair of Supports 16. In other embodi 
ments of the present invention, two or more pairs of 
electrodes, 20 and 24, can be provided so that each side of 
the device 10 can be separately addressed, or So that one or 
more of the pairs of electrodes, 20 and 24, can be used as 
Sense electrodes to capacitively Sense a State of the device 
10. 

In FIG. 1, the Substrate 12 is preferably a semiconductor 
Substrate comprising monocrystalline Silicon. A plurality of 
material layers are deposited or formed on the Substrate 12 
and are patterned (e.g. by etching or lift-off) to form the 
various elements of the bistable MEM actuator device 10. If 
an electrically conducting Substrate 12 (e.g. a doped silicon 
Substrate) is used, then an insulating layer 22 (e.g. Silicon 
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4 
dioxide or Silicon nitride) can be provided above the con 
ducting substrate 12 to isolate the electrode(s) 20 as shown 
in FIG. 1. The insulating layer 22 can be omitted when the 
Substrate itself is insulating (e.g. for a semi-insulating Silicon 
substrate). In FIGS. 1-9 only a portion of the substrate 12 is 
shown corresponding to a Single device 10, although a 
plurality of devices 10 will generally be formed on the 
Substrate 12. 

FIGS. 2a-2i show a series of process steps that can be 
used for forming the first example of the bistable MEM 
actuator device 10 on a Surface of a silicon Substrate 12. 

In FIG. 2a, insulating layer 22 (e.g. Silicon nitride and/or 
silicon dioxide) is preferably blanket deposited above the 
Surface of the Silicon Substrate 12. The insulating layer 22 
can include a thin blanket layer (not shown) of a thermal 
oxide (e.g. about 60 nanometers of Silicon dioxide formed 
by a thermal diffusion process) provided to protect the 
Surface of the Silicon Substrate 12. The insulating layer 22 
can be about 100-500 nanometers thick, and is preferably 
formed, at least in part, by a low-pressure chemical vapor 
deposition (CVD) process. The exact thickness of the insu 
lating layer 22 will depend on a programming Voltage of the 
bistable MEM actuator 10. 

One or more lower electrodes 20 are then preferably 
deposited (e.g. by Sputtering, evaporation or CVD) above 
the insulating layer 22 as shown in FIG. 2b. Although a 
single lower electrode 20 is shown in FIG. 2b; in some 
embodiments of the present invention, a plurality of pat 
terned lower electrodes 20 can be provided with some of the 
lower electrodes 20 being used to activate the device and 
Switch a mechanical State therein, and other of the lower 
electrodes being used to capacitively Sense the mechanical 
state of the device 10. The lower electrodes 20 can be 
formed, for example, from titanium nitride (TiN) or doped 
Silicon. Interconnect wiring (not shown) can also be formed 
at this time for addressing each lower electrode 20, or for 
electrically connecting each lower electrode 20 to a bond 
pad. 

In FIG.2c, a first sacrificial layer 26 is deposited over the 
Substrate 12 and is patterned by etching to form a plurality 
of sidewalls 28 whereon material is to be deposited for 
forming the Supports 16 and the resilient member 18. The 
first Sacrificial layer 26 can comprise about 0.5–2 um 
(microns) or more of polycrystalline Silicon (also termed 
polysilicon), Silicon dioxide, a silicate glass (e.g. deposited 
from the decomposition of tetraethylortho Silicate, also 
termed TEOS, that has been densified by heating to a high 
temperature for a specified period of time), or a polymer. 
The first sacrificial layer 26 can be grown or deposited by 
CVD wherein a layer-forming gas is decomposed to form 
the layer 26; or by plasma-enhanced CVD (also termed 
PECVD) wherein applied radio-frequency (rf) power is 
provided to assist the decomposition of the layer-forming 
gas for deposition at a reduced temperature of about 600 C. 
or less. 

In FIG. 2d., a resilient-member-forming layer 30 compris 
ing Silicon dioxide, Silicon nitride or polysilicon is blanket 
deposited over the patterned first Sacrificial layer 26 to a 
thickness of about 50-500 nanometers. The layers 26 and 30 
preferably are of different compositions so that the first 
Sacrificial layer 26 can later be removed by a Selective 
etchant that does not Substantially attack the Supports 16 and 
resilient member 18 formed from the resilient-member 
forming layer 30. 
The exact thickness of the resilient-member-forming layer 

30 will depend upon the material used to form the layer 30, 
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and a predetermined width (e.g. about 100 nanometers) and 
resilience for the resilient member 18 to be formed from the 
layer 30. If the first sacrificial layer 26 comprises silicon 
dioxide or a Silicate glass, then the resilient-member 
forming layer 30 can comprise either Silicon nitride or 
polysilicon. Alternately, if the Sacrificial layer 26 comprises 
polysilicon, then the resilient-member-forming layer 30 can 
comprise silicon dioxide or silicon nitride. In FIG. 2e, the 
resilient-member-forming layer 30 is anisotropically reac 
tive ion etched (e.g. in a plasma formed from a Source gas 
comprising XeF, SF, Cl- or CHF depending on the 
composition of the layer 30) to leave the resilient-member 
forming layer 30 on the sidewalls 28, thereby forming the 
supports 16 and the resilient member 18. Alternately, the 
supports 16 and resilient member 18 can be formed by 
deposition and patterning processes. 

In FIG. 2f, the first sacrificial layer 26 is removed by a 
Selective wet etchant (e.g. comprising tetramethyl ammo 
nium hydroxide, also termed TMAH, for a polysilicon layer 
26, or comprising HF for a Silicon dioxide or Silicate glass 
layer 26), or alternately a selective dry etchant (e.g. com 
prising a plasma including XeF, SF or Cl for a polysilicon 
layer 26, or comprising a plasma including CHF for a 
Silicon dioxide or Silicate glass layer 26). After the Selective 
etching Step, the resilient member 18 and the Supports 16, 
which are chemically resistant to the Selective etchant, are 
left standing as shown in FIG. 2f. In FIG. 2g, a second 
Sacrificial layer 32 (e.g. with the same composition as the 
first sacrificial layer 26) is deposited over the Substrate 12 
and planarized down to the resilient member 18 and the 
Supports 16 (e.g. by chemical-mechanical polishing or a 
spin-on planarization Step) to provide a Smooth upper Sur 
face for deposition of the membrane 14. 
The membrane 14 comprising a thin layer (about 100-500 

nanometers thick) of polysilicon, Silicon nitride, Silicon 
dioxide, a metal (e.g. aluminum, tungsten, gold, copper, 
platinum, nickel or palladium) or a metal alloy (including 
metal Suicides) is then deposited or grown to blanket the 
planarized Surface of the Substrate 12 and to contact the 
resilient member 18 and the supports 16 as shown in FIG. 
2h. The membrane 14 is then laterally patterned (e.g. by 
etching) to provide, for example, a rectangular shape in plan 
view with a width of generally about 1-10 um or more, and 
a length between the Supports 16 of up to about 20 times the 
width. According to Some preferred embodiments of the 
present invention, the same material used for forming the 
resilient member 18 and elongate supports 16 is used to form 
the membrane 14. 

The material forming the membrane 14 is deposited (e.g. 
by CVD or LPCVD) or grown (e.g. a thermal oxide) with a 
predetermined level of compressive StreSS that depends in 
part on the deposition conditions (e.g. deposition 
temperature, deposition rate, and Source gases) and in part 
on the composition of the membrane 14. The compressive 
stress in the membrane 14 results in the membrane 14 being 
in one of two minimum energy States (i.e. stable mechanical 
States) after a Subsequent etch release Step that removes the 
underlying Second Sacrificial layer 32 and leaves the mem 
brane pinned by the Supports 16 and the resilient member 18. 
These stable mechanical States are each characterized by an 
asymmetrical bowing or curvilinear shape of the membrane 
14 with one of the mechanical States being the mirror image 
of the other mechanical State. 
To maintain the predetermined level of compressive StreSS 

in the membrane 14, a high-temperature, long-time-duration 
thermal annealing Step that is normally provided for pre 
venting stress in deposited layers (especially polysilicon 
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6 
layers) of microelectromechanical devices is preferably 
omitted. In Some cases, however, the membrane 14 (e.g. a 
silicon dioxide membrane 14) will be substantially unaf 
fected by the inclusion of a high-temperature (e.g. in the 
range of 700°-1300° C), long-time-duration (e.g. up to 
Several hours) thermal annealing process step. 

After deposition, a polysilicon membrane 14 can be 
Selectively doped by ion implantation or impurity dopant 
diffusion through a patterned mask to form individual 
electrically-isolated upper electrodes 24 Superposed above 
each lower electrode 20 as shown in FIG. 2i. Alternately, 
metal upper electrodes 24 can be deposited either in an 
etched receSS in the Second Sacrificial layer 32 prior to 
deposition of the membrane 14, or above the Second Sacri 
ficial layer 32. The metal electrodes 24 can be patterned by 
etching or lift-off. In some embodiments of the present 
invention, the membrane 14 can be electrically conductive 
to provide a common upper electrode 24 (e.g. a ground 
electrode) for the bistable MEM actuator device 10, with a 
pair of patterned lower electrodes 20 being Superposed 
beneath the common upper electrode 24. 

Access regions (not shown) wherein the underlying Sec 
ond Sacrificial layer 32 is exposed are preferably provided 
on one or both sides of the generally rectangular membrane 
14 that are not in contact with the Supports 16. These access 
regions allow the Second Sacrificial layer 32 to be removed 
between the Supports 16 and resilient member 18 during an 
etch release Step. The etch release Step uses a Selective 
etchant for contacting the Second Sacrificial layer 32 and 
dissolving the layer 32, thereby releasing the membrane 14 
for movement. The Selective etchant can comprise a buffered 
oxide etchant (BOE) that includes hydrofluoric acid (HF) in 
the case of a Silicon dioxide or silicate glass Second sacri 
ficial layer 32. Alternately, the Selective etchant can com 
prise potassium hydroxide (KOH), tetramethyl ammonium 
hydroxide (TMAH) preferably doped with silicon, or eth 
ylenediamine pyrocatechol (EDP) etchant in the case of a 
polysilicon Second Sacrificial layer 32. The etchant compo 
Sition is Selected to dissolve the Second Sacrificial layer 32, 
but not to Substantially attack any of the other materials that 
surround and contact the second sacrificial layer 32 in FIG. 
2i, thereby allowing these other materials to act as an etch 
Stop. 

After the etch release Step, the membrane 14 assumes a 
curvilinear cross-sectional shape as shown in FIG. 1 due to 
the compressive StreSS in the deposited material forming the 
membrane 14. The resilience of member 18 allows for a 
limited vertical and/or horizontal movement of the mem 
brane 14 to accommodate the stress in the membrane 14 
during electroStatically Switching between the two stable or 
quiescent mechanical States which have opposite (i.e. 
mirror-image) symmetry as shown in FIGS. 1 and 3i. 

FIGS. 3a–3j show an alternate series of process steps for 
forming the first example of the bistable MEM actuator 
device 10 in a cavity 34 formed in the substrate 12. This 
alternate Series of proceSS StepS is particularly useful for 
fabricating one or more bistable MEM actuator devices 10 
on a silicon Substrate 12, with or without additional elec 
tronic circuitry being integrated on the Substrate 12 with the 
devices 10. 

In FIG. 3a, an open cavity 34 is etched into a silicon 
substrate 12. The cavity 34 is preferably formed by a bulk 
micromachining process after providing a masking layer 
(not shown) of about 500 nanometers of a deposited and 
densified silicate glass (e.g. TEOS) over the substrate 12. 
The cavity 34 is then etched into the substrate 12 using wet 
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and/or dry etch processes. A preferred etching proceSS uses 
an anisotropic etchant such as KOH, TMAH or EDP to form 
the cavity 34 to a depth of about 2-10 um with a substan 
tially planar bottom Surface and sloping inner Sidewalls 
formed by Selective etching along preferred (111) crystallo 
graphic planes as shown in FIG. 3a. After formation of the 
cavity 34, the patterned masking layer can be removed, for 
example, with a buffered oxide etchant comprising HF. 

In FIG. 3b, an insulating layer 22 comprising Silicon 
nitride or silicon dioxide can be deposited to blanket the 
Silicon Substrate 12 and the open cavity. In the case of a 
Silicon nitride insulating layer 22, a thin blanket layer of a 
thermal oxide (e.g. about 60 nanometers of Silicon dioxide) 
can be formed prior to deposition of the Silicon nitride in 
order to protect the bare silicon Substrate 12. 

In FIG. 3c, one or more lower electrodes 20 can then be 
formed in the cavity 34 as described heretofore with refer 
ence to FIG. 2b. A first sacrificial layer 26 (e.g. silicon 
dioxide or Silicate glass in the case of a Silicon nitride 
insulating layer 22, or polysilicon in the case of a Silicon 
dioxide insulating layer 22) is then deposited by CVD or 
PECVD to fill in the cavity 34 and preferably extend upward 
beyond the insulating layer 22 So that the layer 26 can be 
planarized by chemical-mechanical polishing (CMP) using 
the insulating layer 22 above the Substrate 12 as a polishing 
stop. FIG. 3d shows the substrate 12 and overlying layers 
after the planarization Step. 

In FIG. 3e, a patterned etch mask is provided above the 
first Sacrificial layer 26 for anisotropically etching the layer 
26 (e.g. by reactive ion etching) to form a sidewall 28 on 
which the resilient member 18 can be formed. The resilient 
member is preferably formed as described heretofore with 
reference to FIGS. 2e and 2f Briefly, a resilient-member 
forming layer 30 is blanket deposited to a predetermined 
thickness as shown in FIG. 3f, and then the layer 30 is 
anisotropically reactive ion etched as described heretofore 
with reference to FIG.2e to remove all of the layer 30 except 
for an upright portion deposited on the sidewall 28 which 
forms the resilient member 18. No supports 16 need be 
fabricated in this embodiment of the present invention Since 
the membrane 14 can be attached on its edges to portions of 
the insulating layer 22 that extend above the Surface of the 
substrate 12 and act as supports (see FIG. 3i). In other 
embodiments of the present invention, the resilient member 
18 can be formed by deposition and etching processes in a 
trench etched into the first sacrificial layer 26. 

In FIG. 3g, the first sacrificial layer 26 can be removed 
and replaced by a Second Sacrificial layer 32 as shown in 
FIG. 3h. The second sacrificial layer 32 can then be pla 
narized by CMP to expose the resilient member 18 and to 
provide a Smooth planar Surface upon which to deposit the 
membrane 14. Alternately, the Second Sacrificial layer 32 can 
simply be deposited to fill in the trench and cover the 
remaining first Sacrificial layer 26 after the Steps described 
with reference to FIG. 3f, with the layers 26 and 32 being 
planarized thereafter. 

In FIG. 3i, the membrane 14 is deposited or grown as 
described heretofore with reference to FIG. 2h. The mem 
brane 14 is patterned to provide lateral dimensions as 
described heretofore, with access regions or channels (not 
shown) being provided alongside or through the membrane 
14 so that the second sacrificial layer 32 can be removed by 
etching as described heretofore to release the membrane 14 
for movement. Patterned upper electrodes 24 can formed 
above the membrane 14 by deposition and patterning as 
shown in FIG. 3i, or alternately within the membrane 14 
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8 
(e.g. by ion implantation or impurity dopant diffusion), or 
below the membrane 14 (e.g. by depositing and patterning 
the electrodes 24 before depositing the membrane 14). 
The released bistable MEM actuator device 10 is shown 

in FIG. 3i. The Superposed lower and upper electrodes, 20 
and 24, on each side of the device 10 in FIG. 3i form air-gap 
capacitors, 36 and 36', having plates formed by the 
electrodes, 20 and 24, that are moveable in a vertical 
direction in response to an electroStatic force produced by a 
programming Voltage, V, applied across the electrodes 20 
and 24 as shown in FIG. 1. In some embodiments of the 
present invention, a common upper electrode 24 can be 
formed Superposed above a pair of lower electrodes, 
whereas in other embodiments of the present invention, a 
pair of Separate upper electrodes 24 can be provided Super 
posed above a common lower electrode as shown in FIGS. 
1 and 3i. 
The programming Voltage, V, can be provided by an 

electrical signal generator 100 (including an integrated cir 
cuit microcontroller or computer which either provides the 
programming Voltage directly, or controls a power Supply or 
the like to indirectly provide the programming voltage) that 
preferably further includes addressing circuitry 110 shown 
Schematically in FIG. 1 for Selecting an appropriate pair of 
electrodes, 20 and 24, for activation. In Some embodiments 
of the present invention, integrated circuitry (e.g. CMOS or 
bipolar circuitry) can be formed on the Substrate 12 proxi 
mate to one or more actuatable membranes 14 by processes 
believed to be well known (see e.g. U.S. Pat. Nos. 5,504,026 
and 5,550,090; and an article by Roger T. Howe et al. in 
Sensors and Actuators A, vol. 56, pages 167-196, 1996, 
entitled “Polysilicon Integrated Microsystems: Technologies 
and Applications”), thereby providing the electrical signal 
generator 100 and addressing circuitry 110 on the substrate 
12 to form a compact microelectromechanical System. 

Electrostatic switching of the bistable MEM actuator 
device 10 between a pair of mechanical states thereof can be 
accomplished by providing the programming Voltage, V, 
acroSS the electrodes 20 and 24 of the air-gap capacitor, 36 
or 36', that has the larger electrode separation (i.e. the 
programming Voltage is provided acroSS air-gap capacitor 36 
in FIG. 1, or air-gap capacitor 36' in FIG. 3i for Switching 
of the mechanical States). The programming Voltage, V, 
produces an electrostatic force of attraction between the 
electrodes, 20 and 24, to which the programming Voltage is 
applied, with an electrostatic force of Sufficient magnitude 
acting to move the membrane 14 downward on that side of 
the device 10 wherein the programming Voltage is applied. 
Due to a mechanical coupling between each Side of the 
membrane 14 (i.e. the portion of the membrane 14 in one of 
the air-gap capacitors, 36 or 36") produced by the compres 
Sive StreSS and the pinning of the membrane 14 by the 
resilient member 18 and supports 16, each side of the 
membrane 14 moves in an opposite direction. Thus, as one 
side of the membrane 14 is moved downward by the 
electroStatic force of attraction generated by the program 
ming Voltage, V, the other side of the membrane is forced 
upward to accommodate the internal StreSS that is built into 
the membrane 14. The exact programming Voltage that must 
be applied to the air-gap capacitor, 36 or 36', for Switching 
of the device 10 between mechanical states thereof will 
depend upon a predetermined separation between the lower 
and upper electrodes, 20 and 24 after release of the device 
10. Furthermore, each mechanical state of the device 10 is 
Stable (i.e. unchanging) in the absence of the programming 
Voltage. 
To form a mechanical nonvolatile memory based on the 

first example of the present invention, an array of devices 10 
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forming memory elements can be provided either above a 
substrate 12 as shown in FIG. 1, or within a plurality of 
cavities 34 formed in the substrate 12 as shown in FIG. 3i. 
Each memory element can be programmed in a predeter 
mined mechanical State as described above, and Switched 
between the pair of mechanical States by applying the 
programming Voltage to one of an appropriate air-gap 
capacitor, 36 or 36', as described heretofore. The mechanical 
State of a memory element can be read out by electrically 
measuring the capacitance of one or both air-gap capacitors, 
36 and 36' using electrodes 20 and 24. Alternately, a separate 
pair of readout electrodes (not shown) can be formed 
proximate to electrodes 20 and 24 on one or both sides of the 
membrane 14. In some embodiments of the present 
invention, one or more piezoresistors can be deposited 
above the membrane 14 and used to read out the mechanical 
state of the device 10. Addressing of a memory array of 
devices 10 can be accomplished with interconnect wiring 
deposited and patterned during formation of the devices 10. 

EXAMPLE 2 

FIGS. 4a and 4b show Schematic cross-section views of 
a second example of the bistable MEM actuator device 10 of 
the present invention in the form of an optical modulator (i.e. 
a spatial light modulator). The optical modulator 10 in FIGS. 
4a and 4b can be formed as described heretofore with 
reference to FIGS. 1-3, with a series of additional process 
steps being provided as shown in FIGS. 5a-5f for forming 
a pair of synchronously moveable mirrors 38 and 38' Sup 
ported on posts 40 above the membrane 14. 

In FIG. 5a, a third sacrificial layer 42, preferably having 
a composition the Same as the Second Sacrificial layer 32, is 
deposited by CVD or PECVD above membrane 14 begin 
ning with a structure as shown in FIG.2i, or alternately the 
Structure of FIG. 3i (i.e. after the process Steps completing 
formation of the unreleased membrane 14). The third sac 
rificial layer 42 can have a thickness of up to a few microns 
depending upon an amount of downward bowing of the 
membrane 14 after release. Thus, the layer 42 should pref 
erably be sufficiently thick so that a first-formed mirror 38 
does not come into contact with the membrane 14 after 
release thereof. Furthermore, the bowing of the membrane 
14 after release can be predetermined to provide a maximum 
vertical separation between the mirrors, 38 and 38', that is 
related to a wavelength of the light to be modulated by the 
optical modulator device 10. 

In FIG. 5a, openings 44 are anisotropically etched 
through the third sacrificial layer 42 down to the membrane 
14, or to an upper electrode 24 formed thereon. The open 
ings 44 are formed at the location of each Support post 40 
which is generally centered at a position of minimum or 
maximum vertical deflection of the released membrane 14 
so that the mirrors 38 can be translated vertically without 
rotation. 

In FIG. 5b, a Support post material Such as polysilicon, 
Silicon nitride, Silicon dioxide, a metal or a metal alloy is 
deposited to fill in the openings 44 to form or build up each 
Support post 40. Any exceSS material used for forming the 
support posts 40 that extends upward above the third sac 
rificial layer 42 can be removed by a planarization or 
polishing step (e.g. CMP) for planarizing an upper Surface of 
the Second Sacrificial layer 42 prior to deposition of a 
mirror-forming layer 46, or for precisely adjusting the 
thickness of the third sacrificial layer 42. 

In FIG. 5c, the mirror-forming layer 46 is deposited to 
blanket the upper Surface of the third Sacrificial layer 42, and 
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to contact the posts 40 to form an attachment thereto. The 
layer 46 can be polished (e.g. by CMP), if necessary, to 
provide a Smooth light-reflecting upper Surface to form a 
first-formed mirror 38. In FIG. 5d., the mirror-forming layer 
46 is laterally patterned by etching (e.g. reactive ion etching) 
through an overlying photolithographically defined etch 
mask (not shown) to provide a predetermined shape 
(generally rectangular or Square) for the first-formed mirror 
38. The mirror-forming layer 46 can also be used to an 
extension to the Support post 40 not contacting the first 
formed mirror 38. The mirror-forming layer 46 generally 
comprises the same material (i.e. polysilicon, Silicon nitride, 
Silicon dioxide, a metal or a metal alloy) forming the Support 
posts 40. In Some embodiments of the present invention, a 
Single deposition Step can be used to form both the first 
formed mirror 38 and its underlying support post 40. 

In FIG. 5e, a fourth sacrificial layer 48, preferably with 
the same composition as the third Sacrificial layer 42, is 
deposited above the first-formed mirror 38 and above the 
third Sacrificial layer 42 to a predetermined layer thickneSS 
that depends upon the bowing of the membrane 14 after 
release. The layer 48 can be planarized (e.g. by CMP) to 
provide a Smooth Surface for deposition of the Second 
formed mirror 38". Additionally, the layer 48 can be pla 
narized to provide a predetermined vertical Separation or 
spacing between the mirrors 38 and 38' So that, upon release 
of the mirrors and underlying membrane 14, the light 
reflecting surfaces of the mirrors 38 and 38' will be sub 
Stantially coplanar in one of the mechanical States of the 
optical modulator device 10 (i.e. forming an in-phase State 
as shown in FIG. 4a) and non-coplanar (i.e. vertically 
displaced) in the other mechanical state of the device 10 (i.e. 
forming an out-of-phase state as shown in FIG. 4b). 

In FIG. 5e, an opening 44' is etched down to expose the 
support post 40 that is not covered by the first-formed mirror 
38. In FIG. 5f, one or more deposition steps are provided to 
fill in the opening 44, thereby building up and completing 
the exposed Support post 40. The same material used to form 
the first-formed mirror 38 is then blanket deposited above 
the fourth Sacrificial layer 42 to a predetermined thickness, 
and is patterned by etching to form the Second-formed 
mirror 38'. An upper surface of the second-formed mirror 38 
can be planarized to provide a Smooth Surface for reflecting 
an incident light beam 200. 

After forming the mirrors, 38 and 38', an etch release step, 
as described heretofore, can be used to remove each of the 
Sacrificial layers, 32,42 and 48. Each light-reflecting Surface 
of the mirrors 38 and 38' can include a reflective coating 
(including metals Such as aluminum or gold, metal alloys, or 
dielectrics) that is deposited after the etch release step or 
after planarizing the mirrors 38 and 38' (in which case, the 
reflective coating must be chemically resistant to the release 
etchant). The reflective coating can be tailored for the 
reflection of light in a particular wavelength range (i.e. a 
particular wavelength range of the incident light beam 200). 

FIGS. 6a-6c show an alternative method for forming the 
mirrors, 38 and 38', and completing an optical modulator 10 
similar to that of FIGS. 4a and 4b. In FIG. 6a, a spacer layer 
50 (preferably with a composition different from the com 
position of the third Sacrificial layer 42 and the same or 
different from the composition of the first mirror-forming 
layer 46) is deposited to blanket the third sacrificial layer 42 
and fill in the openings 44 after the step described heretofore 
with reference to FIG. 5a. The spacer layer 50 has a 
predetermined thickness that depends upon the bowing of 
the membrane 14 after release. In FIG. 6b, the spacer layer 
50 is patterned by etching to a predetermined size about that 
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of a mirror 38' to be formed on the spacer layer 50. In FIG. 
6c, the mirror-forming layer 46 is deposited over the Spacer 
layer 50 and third sacrificial layer 42 and is patterned by 
etching to form the mirrors, 38 and 38". In a step for 
releasing the optical modulator 10 for operation, the Spacer 
layer 50 can be left in place by forming the layer 50 from a 
material that is resistant to the release etchant. Otherwise, 
the spacer layer 50 can be removed in part by a timed 
undercutting etching step with a selective etchant (e.g. an 
etchant selective for etching the layer 50 without etching the 
mirrors, 38 and 38', or the third sacrificial layer 42) prior to 
releasing the optical modulator 10. 

Operation of the completed optical modulator is described 
with reference to FIGS. 4a and 4b. In FIG. 4a, the optical 
modulator device 10 is in an in-phase State characterized by 
the mirrors, 38 and 38', being substantially coplanar so that 
an incident light beam 200 is reflected off the mirrors 
substantially in-phase. In FIGS. 4a and 4b, the incident light 
beam 200 is denoted by downward-pointing arrows, and a 
reflected light beam 200' (i.e. a reflected portion of the 
incident light beam 200) is denoted by upward-pointing 
arrows. The incident light beam 200 can be directed normal 
to the reflecting surfaces of the mirrors, 38 and 38', as shown 
in FIGS. 4a and 4b, or at an angle thereto. The in-phase state 
of the optical modulator results in the incident and reflected 
light beams, 200 and 200', having about the same intensity 
except for any reflection losses in the mirrors 38 and 38'. 

The membrane 14 can be electrostatically Switched from 
the in-phase State to an out-of-phase State by applying a 
programming Voltage, V, as described heretofore. In FIG. 
4b, the reflected light beam 200' in the out-of-phase state is 
weak compared to the incident beam 200 due to a phase shift 
across the width of the beams, 200 and 200', that results in 
a partial or total cancellation of the reflected light beam 200'. 
This phase shift results from the mirrors, 38 and 38', being 
Vertically displaced by a distance that is preferably an odd 
multiple of one-quarter of the wavelength, , of the incident 
light beam 200 (i.e. n.)/4 where n is an odd integer). 

The optical modulator device 10 operates digitally due to 
the bistable nature of the membrane 14, and can be used to 
modulate an incident light beam 200 at a predetermined 
frequency (having an upper limit that is generally limited by 
inertia of the mirrors, 38 and 38', and further limited by 
damping due to gas trapped beneath the membrane 14), or 
to encode the reflected light beam 200' with information in 
the form of a digital Signal provided as the programming 
Voltage. Additionally, an array of optical modulator devices 
10 can be used for optical displays and for optical informa 
tion processing (i.e. optical computing). A particular 
in-phase or out-of-phase State of each optical modulator 
device 10 in the array is stable or quiescent with each of the 
mirrors, 38 and 38', held stationary when the programming 
Voltage is removed. As a result, each optical modulator 
device 10 forms a nonvolatile optical memory element so 
that particular optical modulators 10 in the array need not be 
reprogrammed until information addressed to those optical 
modulators changes. Thus, operation of the optical modu 
lator 10 of the present invention is simplified compared to 
other types of optical modulators that require a holding 
Voltage for maintaining a particular State. 

The process steps shown in either of FIGS.2a-2i or FIGS. 
3a–3i can be used as a starting point to form an optical 
modulator 10 as described above. Furthermore, those skilled 
in the art will understand that other embodiments of an 
optical modulator 10 can be formed according to the teach 
ing of the present invention. Finally, the electrical Signal 
generator 100 and addressing circuitry 110 for activating one 
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or more optical modulators 10 can be provided on the 
Substrate 12 as described heretofore with reference to FIG. 
1 to form a compact microelectromechanical System. 

EXAMPLE 3 

FIGS. 7a and 7b show Schematic cross-section views of 
a third example of the bistable device 10 of the present 
invention in the form of a Switchable mirror device 10, also 
termed herein an optical beam deflector or a rotatable mirror. 
The Switchable mirror device 10 in FIGS. 7a and 7b can be 
formed using the Same proceSS StepS described heretofore 
with reference to the first and Second examples of the present 
invention. For example, the proceSS Steps shown in FIGS. 
2a-2i and FIGS. 5a-5d can be used except that only a single 
deflecting mirror 52 is provided, with the Single deflecting 
mirror 52 and support post 40 being preferably centered on 
the membrane 14 above the resilient member 18 So that the 
post 40 supports the mirror 52 along a direction of rotation 
of the membrane 14. The mirror 52 can be formed in a 
manner similar to that described heretofore for mirror 38 
with reference to FIGS. 5a-5d, except that the mirror 52 is 
generally larger in size than the mirror 38. 

After release, the mirror 52 assumes one of two angular 
States characterized by a tilt angle of € in a counterclock 
wise direction (see FIG. 7a) or in a clockwise direction (see 
FIG. 7b) with respect to an axis normal to the lower 
electrode 20. Each angular state of the Switchable mirror 
device 10 corresponds to a particular mechanical State of the 
membrane 14. The resilient member 18 accommodates a 
tilting of the membrane 14 near a line of attachment thereto 
upon release of the membrane 14. 
A light beam 200 incident on the mirror 52, with the 

device 10 in a particular angular state as shown in FIG. 7a, 
undergoes an angular deflection by the angle e (i.e. a 
counterclockwise angular deflection of a reflected light 
beam 200' in FIG. 7a). When the mechanical state of the 
Switchable mirror device 10 is switched by applying a 
programming Voltage, V, acroSS a Set of electrodes 20 and 24 
as described heretofore with reference to FIG. 1, the incident 
light beam 200 is deflected in an opposite direction (i.e. in 
the clockwise direction as shown in FIG.7b) as the angular 
State is Switched to rotate the mirror 52 to a precise resting 
point or angle. Inertia of the mirror 52 and damping due to 
gas trapped underneath the membrane 14 and mirror 52 will 
determine a speed for Switching of the mirror 52. 

In Switching from a first mechanical State as shown in 
FIG. 7a to a Second mechanical State which is a mirror image 
of the first state as shown in FIG. 7b, the Switchable mirror 
device 10 steers the reflected light beam 200' through a total 
angular deflection of 26. The exact value of the total angular 
deflection depends on a curvilinear cross-sectional shape 
assumed by the membrane 14 upon release (i.e. on the 
amount of bowing of the membrane 14). According to one 
embodiment of the present invention, the total angular 
deflection can be about 14. 
Upon removing the programming Voltage, the angular 

state and deflection angle of the incident light beam 200 is 
maintained until the device 10 is electrically programmed to 
Switch states. Thus, operation of the device 10 of the present 
invention is simplified compared to other types of Switch 
able mirrors that require a holding Voltage for maintaining a 
particular State. Furthermore, Since there is no physical 
contact between elements of the Switchable mirror during 
operation thereof, Stiction is prevented, thereby improving 
reliability of the device and eliminating the need for a 
release Voltage (i.e. a reset signal) to overcome Stiction prior 
to Switching states of the device 10. 
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This third example of the present invention has applica 
tions for forming optical displays (e.g. projection displays), 
optical information processors and optical readouts. In one 
angular state of the device 10, the reflected light beam 200' 
can be blocked by a stop (not shown) to improve a contrast 
of the device 10 for display applications. Additionally, an 
array of Switchable mirror devices 10 can be formed, with 
each device 10 in the array being individually addressable 
for Switching between a pair of Stable angular States. AS in 
the case of the optical modulators 10 described heretofore, 
each Switchable mirror device 10 in an array remains in a 
particular angular State and need not be reprogrammed until 
information addressed to that device 10 changes. Finally, the 
electrical signal generator 100 and addressing circuitry 110 
for activating one or more Switchable mirror devices 10 can 
be provided on the substrate 12 as described heretofore with 
reference to FIG. 1 to form a microelectromechanical Sys 
tem. 

EXAMPLE 4 

FIGS. 8a and 8b show Schematic cross-section views of 
a fourth example of the bistable device of the present 
invention in the form of a latching relay 10. The latching 
relay 10 in FIGS. 8a and 8b can be formed using a series of 
process steps as shown in FIGS. 9a–9n. 

The process steps of FIGS. 9a–9n are similar to those 
described with reference to FIGS. 2a-2i except that addi 
tional proceSS Steps are provided to form one or more relay 
contacts. Although the relay contacts are preferably formed 
below the membrane 14, those skilled in the art will under 
Stand that the relay contacts can also be formed above the 
membrane 14, or both above and below the membrane 14. 
Furthermore, although a Series of proceSS StepS are described 
for forming the latching relay device 10 above a semicon 
ductor substrate 12, it will be understood that the latching 
relay device 10 can be formed, at least in part, in a cavity 34 
by using a Series of process Steps similar to those described 
heretofore with reference to FIGS. 3a–3i. Finally, although 
the formation of a single-pole single-throw (SPST) latching 
relay 10 is described herein with reference to FIGS. 9a–9n, 
those skilled in the art, based on the teachings of the present 
invention, will be able to form other types of latching relayS 
10, including single-pole double-throw (SPDT) relays, 
double-pole single-throw (DPST) relays and double-pole 
double-throw (DPDT) relays. 

In FIG. 9a, an insulating layer 22 (e.g. Silicon nitride or 
silicon dioxide) is blanket deposited above the surface of the 
silicon Substrate 12 as described heretofore with reference to 
FIG. 2a. In FIG. 9b, one or more lower electrodes 20 are 
deposited above the insulating layer 22. A Single common 
lower electrode 20 can be patterned as shown in FIG.9b to 
provide an opening or slot 54 at a predetermined location, 
generally at a position halfway between the resilient member 
18 and one of the Supports 16, wherein one or more lower 
relay contacts 56 are to be formed. The opening or slot 54 
can be shaped (e.g. an elongate slot 54 extending in a 
direction generally perpendicular to the longitudinal axis of 
the membrane 14 which extends between the Supports 16) to 
accommodate wiring (not shown) for providing an electrical 
interconnection to the lower contact 56. In some embodi 
ments of the present invention, a plurality of lower elec 
trodes 20 can be provided for activating the latching relay 10 
and for Sensing a mechanical State thereof. Interconnect 
wiring (not shown) can also be formed at this time for 
addressing each lower electrode 20 and each lower relay 
contact 56. 

In FIG. 9c, a first sacrificial layer 26 is formed or 
deposited above the Substrate 12 to a predetermined thick 
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neSS which can be equal to the height of the lower contact 
56 to be formed. The thickness of the first sacrificial layer 26 
can be determined from a maximum extent of downward 
vertical movement (i.e. bowing) of the membrane 14 upon 
release, and whether or not an upper relay contact 58 is to 
be formed extending below the membrane 14 as shown in 
FIGS. 8a and 8b. The composition of the first sacrificial 
layer 26 has been described heretofore with reference to 
FIG. 2C. 

In FIG. 9d, a shaped through-hole 60 is etched down to 
the insulating layer 22 (or down to the Substrate 12 in 
embodiments of the present invention wherein the substrate 
12 provides an electrical interconnection to the lower con 
tact 56). In FIG.9e, the lower relay contact 56 is formed by 
one or more Steps for depositing metals or metal alloys 
(including hard or soft gold) to fill in the through-hole 60. 
After the lower relay contact 56 is formed, a top surface of 
the first sacrificial layer 26 can be planarized (e.g. by CMP) 
to remove any metal deposited above the layer 26, to 
determine a precise height for the lower contact 56 and to 
provide a Smooth upper Surface for the contact 56. 

In FIG. 9f, additional sacrificial material is deposited to 
bury the lower contact 56 and to build up the height of the 
first Sacrificial layer 26 to a predetermined height required 
for forming a resilient member 18 and supports 16. In FIG. 
9g, the first sacrificial layer 26 can be patterned by etching 
to form a plurality of sidewalls 28 whereon material is to be 
deposited for forming the Supports 16 and the resilient 
member 18. 

In FIG. 9h, a resilient-member-forming layer 30 as 
described heretofore with reference to FIG. 2d is blanket 
deposited over the patterned first sacrificial layer 26. The 
resilient-member-forming layer 30 is then anisotropically 
reactive ion etched to leave the resilient-member-forming 
layer 30 on the sidewalls 28, thereby forming the supports 
16 and the resilient member 18 as shown in FIG. 9i. 

In FIG. 9j, the first sacrificial layer 26 can be removed by 
a selective etchant to leave the resilient member 18 and the 
supports 16 standing. In FIG. 9k, a second sacrificial layer 
32 (e.g. with the same composition as the first Sacrificial 
layer 26) can be deposited over the substrate 12 and pla 
narized down to the resilient member 18 and the supports 16 
(e.g. by CMP) to provide a smooth upper surface for 
deposition of the membrane 14. A recess 62 can be etched 
into the Second Sacrificial layer 32 at the location of an 
optional upper relay contact 58. 

In FIG.91, a metal or metal alloy, with a composition the 
same as or different from the lower contact 56, can deposited 
in the recess 62 to form the optional upper relay contact 58 
Superposed with the lower contact 56. In a preferred embodi 
ment of the present invention, one of the relay contacts, 56 
or 58, comprises a hard gold, and the other relay contact 
comprises a Soft gold. After deposition, the Second Sacrificial 
layer 32 can be planarized to remove any metal remaining 
above the layer 32 from the deposition process. 

In FIG. 9m, the membrane 14, with a composition and 
dimensions as described heretofore with reference to FIG. 
2h, is blanked deposited on the Second Sacrificial layer 32 to 
contact the resilient member 18, the Supports 16 and the 
upper relay contact 58 and form attachments thereto. The 
membrane 14 is patterned by etching to provide, for 
example, a rectangular shape with a width of generally about 
1-10 um or more, and a length between the Supports 16 of 
up to 20 times the width. The exact dimensions for the 
membrane 14 will depend upon whether multiple Spaced 
relay contacts, 56 and 58, are to be provided, and will further 
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depend on the size of the relay contacts, 56 and 58, which 
is related to a current-carrying capacity of the latching relay 
10. 

In FIG. 9n, a pair of upper electrodes 24 are formed for 
activating the latching relay 10. The upper electrodes 24 can 
be formed as described heretofore with reference to FIG. 2i. 
In this example of the present invention, one of the upper 
electrodes 24 is patterned to provide a region wherein an 
electrical interconnection 64 can be formed to electrically 
contact the upper relay contact 58. The electrical intercon 
nection 64, which is preferably aligned along the longitu 
dinal axis of the membrane 14 as shown in the croSS 
sectional view of FIG. 9n, can be formed by the same 
proceSS Steps used for forming the upper electrodes 24. In 
Some embodiments of the present invention, the electrical 
interconnection 64 or an electrically-conducting membrane 
14 can form the upper relay contact 58. In other embodi 
ments of the present invention an upper relay contact 58 can 
be provided, with electrical interconnect wiring formed on 
the insulating layer 22 being Substituted for the lower relay 
contact 56. 

After formation of the upper electrodes 24 and the elec 
trical interconnection 64, the membrane 14 can be released 
by etching away the Second Sacrificial layer 32 between the 
supports 16 as described heretofore. After the etch release 
Step, the membrane 14 assumes one of two mechanical States 
defined by a curvilinear (e.g. Sinusoidal) cross-sectional 
shape of the membrane 14 as shown in FIGS. 8a and 8b due 
to the compressive StreSS in the material forming the mem 
brane 14. 

In FIG. 8a, the SPST latching relay 10 is shown in a first 
mechanical state wherein the relay contacts, 56 and 58, are 
open circuit (i.e. in an open-circuit state). The application of 
a programming Voltage of a predetermined magnitude 
between the lower electrode 20 and the upper electrode 24 
(which is formed about the upper relay contact 58 and the 
electrical interconnection 64) generates an electrostatic 
force of attraction between the electrodes, 20 and 24, that 
Switches the latching relay 10 from the first mechanical state 
to a second mechanical State (i.e. a closed-circuit state) 
wherein the upper relay contact 58 is electrically connected 
to the lower relay contact 56, allowing a flow of an electrical 
signal therebetween. The relay contacts, 56 and 58, are 
preferably dimensioned to provide a total height thereof that 
is slightly greater than a vertical distance between the 
membrane 14 and the insulating layer 22 in FIG. 8b so that 
the membrane 14 provides a small positive force to close the 
relay contacts, 56 and 58. Upon removing the programming 
voltage, the relay 10 in FIG. 8b is latched by the mechanical 
state of the membrane 14 so that the relay contacts, 56 and 
58, remain closed (i.e. in the closed-circuit state). The relay 
10 can be reset to the open-circuit State by applying a 
programming Voltage between the lower electrode 20 and 
the other upper electrode 24 that was not initially activated. 

The latching relay device 10 disclosed herein has appli 
cations for Switching or for routing direct current (dc) or at 
a radio frequency (rf) electrical signals. The latching relay 
device 10 is particularly useful for Switching or routing 
electrical Signals at frequencies in the GHZ range wherein 
present Silicon-based integrated circuit digital Switches are 
inoperable. Thus, according to Some embodiments of the 
present invention, a plurality of latching relay devices 10 can 
be formed on a Silicon Substrate 12 with integrated circuitry 
being formed on the Substrate 12 for providing the program 
ming Voltage, V, and addressing circuitry 110 for operating 
each device 10. 

The matter Set forth in the foregoing description and 
accompanying drawings is offered by way of illustration 
only and not as a limitation. The actual Scope of the 
invention is intended to be defined in the following claims 
when viewed in their proper perspective based on the prior 
art. 
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What is claimed is: 
1. A microelectromechanical (MEM) actuator, compris 

Ing: 
(a) a shaped membrane formed above a Substrate, the 
membrane being held in compression by elongate Sup 
ports attached to a pair of opposing edges of the 
membrane and by an elongate resilient member 
attached to the membrane at a midpoint thereof to 
provide a curvilinear croSS-Sectional shape for the 
membrane and thereby define a first mechanical State of 
the membrane; and 

(b) electrostatic means for Switching the membrane from 
the first mechanical State to a Second mechanical State 
having a croSS-Sectional shape that is a mirror image 
the first mechanical State. 

2. The MEM actuator of claim 1 wherein the Substrate 
comprises Silicon. 

3. The MEM actuator of claim 1 wherein the membrane 
comprises a material Selected from the group consisting of 
polysilicon, Silicon nitride, Silicon dioxide, metals and metal 
alloys. 

4. The MEM actuator of claim 1 wherein the membrane 
has a rectangular shape in plan View. 

5. The MEM actuator of claim 1 wherein the electrostatic 
means for Switching the membrane comprises at least one 
electrode formed on or within the membrane, and an oppos 
ing electrode formed proximate to the Substrate. 

6. The MEM actuator of claim 1 wherein the electrostatic 
means for Switching the membrane comprises at least one 
pair of Spaced electrodes forming an air-gap capacitor, and 
a programming Voltage applied between the pair of Spaced 
electrodes to generate an electroStatic force of attraction 
therebetween. 

7. The MEM actuator of claim 6 wherein each mechanical 
State of the actuator is stable in the absence of the program 
ming Voltage. 

8. The MEM actuator of claim 6 wherein the program 
ming Voltage is provided by an electrical Signal generator. 

9. The MEM actuator of claim 8 wherein the electrical 
Signal generator is formed as an integrated circuit on the 
Substrate proximate to the membrane. 

10. The MEM actuator of claim 8 further including 
addressing circuitry connected between the electrical Signal 
generator and the Spaced electrodes to provide the program 
ming Voltage to a predetermined pair of the Spaced elec 
trodes. 

11. The MEM actuator of claim 10 wherein the addressing 
circuitry is formed on the Substrate proximate to the mem 
brane. 

12. The MEM actuator of claim 1 further including a 
mirror Supported on a post and centered above the 
membrane, with the mirror being Switchable between a pair 
of angular States in response to the mechanical States of the 
actuator being Switched, thereby deflecting an incident light 
beam. 

13. The MEM actuator of claim 12 wherein the mirror 
includes a reflective coating. 

14. The MEM actuator of claim 12 wherein the electro 
Static means for Switching the membrane comprises at least 
one pair of Spaced electrodes forming an air-gap capacitor, 
and a programming Voltage applied between the pair of 
Spaced electrodes to generate an electroStatic force of attrac 
tion therebetween. 

15. The MEM actuator of claim 14 wherein each angular 
State of the actuator is stable in the absence of the program 
ming Voltage. 

16. The MEM actuator of claim 1 further including a pair 
of mirrorS Supported above the membrane, with each mirror 
being located Substantially halfway between the resilient 
member and one of the opposing edges of the membrane, the 
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pair of mirrors being moveable in opposing vertical direc 
tions in response to Switching of the mechanical States of the 
actuator, thereby modulating an incident light beam. 

17. The MEM actuator of claim 16 wherein the mirror 
includes a reflective coating. 

18. The MEM actuator of claim 16 wherein the pair of 
mirrors are coplanar in the first mechanical State and non 
coplanar in the Second mechanical State. 

19. The MEM actuator of claim 18 wherein each 
mechanical State of the actuator is Stable until activation 
thereof by the electroStatic means for Switching the mem 
brane. 

20. The MEM actuator of claim 1 further including a first 
relay contact formed on the membrane and a Second relay 
contact formed proximate to the membrane, the first and 
Second relay contacts forming an electrical closed circuit in 
one mechanical State of the membrane, and forming an 
electrical open circuit in the other mechanical State of the 
membrane. 

21. The MEM actuator of claim 20 wherein the second 
relay contact is formed below the membrane and in electri 
cal contact therewith. 

22. The MEM actuator of claim 20 wherein each 
mechanical State of the actuator is latched until activation 
thereof by the electroStatic means for Switching the mem 
brane. 

23. A bistable microelectromechanical (MEM) actuator 
comprising: 

(a) a Substrate; 
(b) a stressed membrane formed above the Substrate, the 
membrane being Supported at a pair of opposing edges 
thereof and further being Supported by a resilient 
member below the membrane near a midpoint thereof 
to provide a curvilinear cross-sectional shape for the 
membrane to define a first mechanical State thereof, and 

(c) electrostatic means for Switching the stressed mem 
brane from the first mechanical State to a Second 
mechanical State having a croSS-Sectional shape that is 
a mirror image of the first mechanical State. 

24. The MEM actuator of claim 23 wherein the Substrate 
comprises Silicon, and the membrane comprises a material 
Selected from the group consisting of polysilicon, Silicon 
nitride, Silicon dioxide, metals and metal alloys. 

25. The MEM actuator of claim 23 wherein the Substrate 
includes a cavity wherein the resilient member is located. 

26. The MEM actuator of claim 23 wherein the electro 
Static means for Switching the membrane comprises at least 
one electrode formed in contact with the membrane and 
another electrode Spaced at a distance therefrom. 

27. The MEM actuator of claim 26 wherein the electro 
Static means further includes addressing circuitry for pro 
Viding a programming Voltage to the electrodes to actuate 
the MEM actuator. 

28. The MEM actuator of claim 27 wherein the program 
ming Voltage is provided by an electrical Signal generator. 

29. The MEM actuator of claim 27 wherein the program 
ming Voltage is provided by or controlled by a computer. 

30. The MEM actuator of claim 29 in the form of a 
Switchable mirror device. 

31. The MEM actuator of claim 30 wherein the moveable 
mirrors are held Stationary in the absence of the program 
ming Voltage applied to the actuator. 

32. The MEM actuator of claim 30 in the form of an 
optical modulator. 

33. The MEM actuator of claim 32 wherein a first 
electrical contact is formed on the membrane and a Second 
electrical contact is formed Superposed with the first elec 
trical contact. 
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34. The MEM actuator of claim 23 further including a 

mirror Supported above the membrane, with the mirror being 
rotatable in response to Switching of the membrane, thereby 
deflecting an incident light beam. 

35. The MEM actuator of claim 34 wherein the incident 
light beam is deflected between a pair of angular States. 

36. The MEM actuator of claim 35 wherein each angular 
State is Stable in the absence of a programming Voltage 
applied to the actuator. 

37. The MEM actuator of claim 23 further including a pair 
of mirrorS Supported above the membrane, with each mirror 
being located Substantially halfway between the resilient 
member and one of the Supported edges of the membrane, 
the pair of mirrors being Synchronously moveable in 
response to Switching the Stressed membrane, thereby 
modulating an incident light beam. 

38. The MEM actuator of claim 37 wherein the pair of 
mirrors are Substantially coplanar in one of the mechanical 
States and non-coplanar in another of the mechanical States. 

39. The MEM actuator of claim 23 further including at 
least one electrical contact moveable by the membrane to 
provide in one mechanical State of the membrane an elec 
trical closed circuit, and to provide in another mechanical 
State of the membrane an electrical open circuit. 

40. The MEM actuator of claim 39 wherein the electrical 
open circuit or closed circuit is maintained until the appli 
cation of a programming Voltage to the MEM actuator. 

41. The MEM actuator of claim 39 in the form of a 
latching relay. 

42. A method for forming a microelectromechanical 
(MEM) actuator, comprising steps for: 

(a) forming a resilient member and a pair of elongate 
Supports on a Substrate; 

(b) forming a stressed membrane having a curvilinear 
shape by attaching the membrane at a midpoint thereof 
to the resilient member and at a pair of opposing edges 
thereof to the elongate Supports, and 

(c) forming a first electrode on or within the stressed 
membrane, and forming a Second electrode Spaced 
therefrom for electroStatically Switching the membrane 
between a pair of mechanical States thereof. 

43. The method of claim 42 wherein the step for forming 
the resilient member and elongate Supports comprises Steps 
for: 

(a) forming an insulating layer on the Substrate; 
(b) depositing a sacrificial layer on the insulating layer; 
(c) etching the Sacrificial layer and forming a plurality of 

Sidewalls therein; 
(d) depositing a resilient-member-forming layer on the 

Sacrificial layer and Sidewalls, and 
(e) anisotropically etching the resilient-member-forming 

layer to remove the resilient-member-forming layer 
except on the Sidewalls, thereby forming the resilient 
member and elongate Supports. 

44. The method of claim 42 wherein the step for forming 
the Stressed membrane comprises Steps for: 

(a) depositing a sacrificial layer above the Substrate and 
filling in a region between the resilient member and 
elongate Supports, 

(b) depositing the stressed membrane above the Sacrificial 
layer; and 

(c) releasing the stressed membrane by etching away the 
Sacrificial layer. 

45. The method of claim 42 further including steps for 
forming at least one mirror Supported above the membrane. 
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